Abstract. The formation and detailed composition of secondary organic aerosol (SOA) from the gas phase ozonolysis of α-and β-pinene has been simulated using the Master Chemical Mechanism version 3 (MCM v3), coupled with a representation of gas-to-aerosol transfer of semivolatile and involatile oxygenated products. A kinetics representation, based on equilibrium absorptive partitioning of ca. 200 semivolatile products, was found to provide an acceptable description of the final mass concentrations observed in a number of reported laboratory and chamber experiments, provided partitioning coefficients were increased by about two orders of magnitude over those defined on the basis of estimated vapour pressures. This adjustment is believed to be due, at least partially, to the effect of condensed phase association reactions of the partitioning products. Even with this adjustment, the simulated initial formation of SOA was delayed relative to that observed, implying the requirement for the formation of species of much lower volatility to initiate SOA formation. The inclusion of a simplified representation of the formation and gas-to-aerosol transfer of involatile dimers of 22 bi-and multifunctional carboxylic acids (in addition to the absorptive partitioning mechanism) allowed a much improved description of SOA formation for a wide range of conditions. The simulated SOA composition recreates certain features of the product distributions observed in a number of experimental studies, but implies an important role for multifunctional products containing hydroperoxy groups (i.e. hydroperoxides). This is particularly the case for experiments in which 2-butanol is used to scavenge OH radicals, because [HO 2 ]/[RO 2 ] ratios are elevated in such systems. The optimized mechanism is used to calculate SOA yields from α-and β-pinene ozonolysis in the presence and absence of OH scavengers, and as a function of temperature.
Introduction
It is well documented that the oxidation of monoterpenes in the troposphere plays an important role in the generation of ozone, O 3 , and secondary organic aerosols, SOA (e.g. Went, 1960; Rasmussen, 1972; Trainer et al., 1987; Jacob and Wofsy, 1988; Andreae and Crutzen, 1997) , and particular attention has therefore been given to elucidating the oxidation mechanisms of monoterpenes known to be emitted into the troposphere in substantial quantities (e.g. Calogirou et al., 1999; Atkinson and Arey, 2003) . Much emphasis has been placed on α-and β-pinene, since measurements of monoterpene speciation suggest that these make a particularly significant contribution to global monoterpene emissions (e.g. Guenther et al., 1994; Fuentes et al., 2000; Geron et al., 2000) , and also because they are representative of classes of monoterpene having either an endocyclic double bond (in the case of α-pinene) or an exocyclic double bond (in the case of β-pinene). As a result, particular progress has been made in establishing the kinetics and products of the early stages of the oxidation, initiated by the reactions with OH radicals, NO 3 radicals and O 3 (e.g. Atkinson and Arey, 2003, and references therein) .
The ability of α-and β-pinene (and other monoterpenes) to generate condensable material, and therefore SOA, has received increasing attention in recent years, and there is a growing body of information on SOA formation and composition, both in the laboratory and the troposphere. Laboratory and chamber studies have demonstrated that aerosol yields are very variable, depending on the identity and starting concentration of the terpene, on the experimental conditions, and on whether oxidation is initiated predominantly by reaction with O 3 , OH or NO 3 (e.g. Hoffmann et al., 1997; BIOVOC, 1998; Hallquist et al., 1999; Griffin et al., 1999; Koch et al., 1999; Docherty and Ziemann, 2003) . In particular, the reported studies have indicated that dark ozonolysis experiments tend to lead to the largest aerosol yields, and that the fractional yields in all experiments generally depend on the organic aerosol mass concentration. Studies of the composition of SOA generated from the ozonolysis of α-and β-pinene (e.g. Yu et al., 1999a; Jang and Kamens, 1999; Glasius et al., 2000; Kückelmann et al., 2001; Warscheid and Hoffmann, 2001; Jaoui and Kamens, 2003; Winterhalter et al., 2003) have established that important contributions are made by bi-and multifunctional carboxylic acids, such as pinic acid and pinonic acid, although a number of other oxidized products not containing acid groups have also been detected in the aerosol phase. The carboxylic acids have been suggested as key species in the nucleation of new aerosols in chamber systems (Christoffersen et al., 1998; Koch et al., 1999) , and evidence for mechanisms involving homomolecular and heteromolecular acid dimers has been reported (Hoffmann et al., 1998; Kückelmann et al., 2001) .
A number of α-and β-pinene oxidation products have also been detected and quantified in field studies of aerosol composition in forested locations, providing direct evidence for SOA formation from monoterpene oxidation under tropospheric conditions. Kavouras et al. (1998 Kavouras et al. ( , 1999 and Yu et al. (1999b) observed significant contributions to fine particles from pinic acid, pinonic acid, norpinonic acid (and isomers), pinonaldehyde and nopinone at locations in Portugal, Canada and the USA, and quantified the partitioning of these species between the gaseous and condensed phases. More recently, O'Dowd et al. (2002) reported evidence that newly formed particles (3-5 nm diameter) over the boreal forest in Finland were composed mainly of species such as pinonic acid and pinic acid, and proposed that the nucleation of new aerosols was driven by the generation of such products from monoterpene oxidation.
The results of chamber investigations of SOA formation from α-and β-pinene ozonolysis have commonly been interpreted or modelled in terms of absorptive gas-aerosol partitioning of semivolatile oxidation products. This has involved either the assignment of empirically-derived yields and partitioning coefficients to two notional products (e.g. Hoffmann et al., 1997; Yu et al., 1999a; Cocker et al., 2001) , or the consideration of the partitioning of a series of known products, with partitioning coefficients based on estimated properties or on experimentally measured concentrations in the gaseous and condensed phases (Yu et al., 1999a; Cocker et al., 2001) . In the present paper, the development, optimization and application of a highly detailed chemical description of SOA formation from the ozonolysis of α-and β-pinene is described. The methodology is based on the near-explicit Master Chemical Mechanism version 3 (MCM v3) to describe the gas phase chemistry, coupled with a representation of gas-to-aerosol transfer of ca. 200 semivolatile and involatile oxygenated products. The simulated major components of SOA are compared with those reported in a number of experimental studies, and the impacts of different experimental conditions on SOA yields are explored.
Mechanism construction

Gas phase degradation
The description of the degradation of α-and β-pinene was taken from the Master Chemical Mechanism, version 3 (MCM v3). The entire mechanism treats the degradation of 125 VOC, and can be accessed from the MCM website at http://mcm.leeds.ac.uk/MCM/.
The mechanism was constructed to represent the complete gas-phase degradation of the VOC through to CO 2 and H 2 O. MCM v3 generally takes account of reported kinetic and mechanistic information available up to the beginning of 2001. Although MCM v3 has recently been superseded by v3.1, the chemistry for α-and β-pinene remains unchanged.
The mechanism construction methodology for α-and β-pinene has been summarised by Saunders et al. (2003) . In each case, the degradation is initiated by reaction with OH, O 3 and NO 3 , and aims to represent reported experimental information which was available for the kinetics and mechanisms of the early stages of the degradation (e.g. Hakola et al., 1994; Glasius et al., 1997; Hallquist et al., 1997; Wangberg et al., 1997; Aschmann et al., 1998; Alvarado et al., 1998a,b; Noziere et al., 1999a, b; Winterhalter et al., 2000; Orlando et al., 2000) . The remainder of the chemistry was defined by analogy with the known chemistry for simpler hydrocarbons, as described by Saunders et al. (2003) and Jenkin et al. (1997) . The complete scheme degrading α-and β-pinene through to CO 2 and H 2 O contains approximately 1550 reactions of 520 species, and can be obtained in its entirety using the subset mechanism assembling facility, available as part of the MCM website.
The current paper is concerned primarily with the dark chemistry initiated by the reactions with O 3 . The salient features of aspects of the ozonolysis chemistry, as represented in MCM v3, have been described in some detail by Jenkin et al. (2000) . Briefly, the mechanism proceeds in each case via addition of O 3 to the double bond, leading initially to formation of energy rich ozonides. These ozonides each decompose rapidly by two possible channels to form Criegee biradicals which also possess excess energy. The energy rich Criegee biradicals are assumed to be either collisionally stabilized, or to decompose to yield OH and an additional organic radical, with the relative importance of these reactions based, where possible, on literature data (Jenkin et al., 2000; Saunders et al., 2003) . The subsequent reactions of the stabilized Criegee biradicals and the organic radicals generated in conjunction with OH, lead to a variety of simple and complex organic products. These may contain a number of functionalities, including acid, peracid, carbonyl, hydroxy and hydroperoxy groups, or combinations of two or more of these. As indicated above, bi-or multifunctional organic acids are of particular interest and relevance to SOA formation. Accordingly, Fig. 1 Fig. 1 . Schematic representation of the formation routes of C 9 and C 10 acid products and the major carbonyl products (HCHO, pinonaldehyde and nopinone), following the ozonolysis of α-and β-pinene, as applied in the present work. The stable products are shown in boxes.
ozonolysis products, pinonic acid, 10-hydroxypinonic acid, pinalic-3-acid and pinic acid is represented in MCM v3. The "permutation" reactions of intermediate peroxy radicals with the available peroxy radical pool (RO 2 ) play a key role in the propagation of these mechanisms, and it is the variety of competitive product channels for the various reactions of these peroxy radicals (not all shown in the figure) which largely accounts for the generation of the variety of product classes indicated above. Figure 1 also shows the ozonolysis formation routes for the major carbonyl products, pinonaldehyde, nopinone and formaldehyde. As described by Jenkin et al. (2000) , acetone is also produced as a first generation ozonolysis product in this mechanism, via competitive reaction channels not specifically illustrated in the figure.
The formation mechanism for pinic acid has previously been the subject of some discussion (e.g. Jang and Kamens, 1999; Winterhalter et al., 2000; Jenkin et al., 2000) . As illustrated in Fig. 1 , the primary formation route in MCM v3 follows that postulated by Jenkin et al. (2000) , involving the isomerisation of a C 9 acyloxy radical intermediate (I), which may be formed from the ozonolysis of both α-and β-pinene, followed by reaction of the subsequently-formed acyl peroxy radical (II) with either RO 2 or HO 2 . In the present work, pinic acid formation was also supplemented by the closely related mechanism suggested by Winterhalter (2000) , involving the intramolecular rearrangement of perpinalic acid (III), generated from the reaction of the corresponding C 9 acylperoxy radical with HO 2 (see Fig. 1 ). However, this route tends to make only minor contributions to the simulated formation of pinic acid at the [HO 2 ]/[RO 2 ] ratios of the experiments considered in the present study (see below) .
The ozonolysis of α-and β-pinene leads to significant generation of OH radicals. As described by Saunders et al. (2003) , the representations in MCM v3, based in part on the structure-reactivity method proposed by Rickard et al. (1999) , lead to overall fractional yields of 80% and 35%, respectively which are consistent with reported experimental studies (Atkinson et al., 1992; Chew and Atkinson, 1996; Paulson et al., 1998 , Rickard et al., 1999 . In the absence of an added scavenger, dominant reaction of OH with the parent monoterpene occurs, and the main features of this chemistry under NO x -free conditions (as represented in MCM v3) are shown in Fig. 2 . This provides the possibility of formation of a number of products which are not generated directly from the ozonolysis chemistry (e.g. C 10 diols). In some of the experimental studies considered here (e.g. Yu et al., 1999a; Winterhalter et al., 2000) , either cyclohexane or 2-butanol was included in the reagent mixture at a sufficient concentration to ensure minimal reaction of OH with the parent monoterpene. The representation of this chemistry in the present work was also based on that in MCM v3. In the case of cyclohexane, this leads to the exclusive generation of cyclohexylperoxy radicals,
which contribute to the pool of RO 2 radicals in the system. In the case of 2-butanol, the major oxidation route, accounting for 64% of the reaction in MCM v3 (consistent with the experimental studies of Chew and Atkinson, 1996; and Baxley and Wells, 1998) , leads to the formation of HO 2 radicals and 2-butanone,
with the balance of the reaction generating hydroxysubstituted alkylperoxy radicals which contribute to the RO 2 radical pool. As a result, cyclohexane and 2-butanol have different influences on the peroxy radical population (in particular [HO 2 ]/[RO 2 ]) when used as OH radical scavengers, which have a secondary influence on the product distribution from the ozonolysis of the terpene, and therefore on SOA formation (see also, Docherty and Ziemann, 2003) . However, the products of 2-butanol and cyclohexane oxidation are themselves assumed to have no direct influence on SOA formation.
2.2 Gas-to-aerosol conversion Gas-aerosol partitioning reactions were incorporated into the mechanism for ca. 280 products of α-and β-pinene oxidation deemed to be potentially semi-volatile, using the criterion that their boiling points are estimated to be >450 K (see below). Of these, about 200 are potentially generated under the NO x -free conditions relevant to the present study. The primary mechanism by which gas-aerosol partitioning is represented is based on the Pankow absorption model (Pankow, 1994) , which has been widely used to interpret yields of organic aerosol in chamber studies (e.g. Odum et al., 1996; Hoffmann et al., 1997; Yu et al., 1999a; Cocker et al., 2001 ). According to this theory, the partitioning of a given organic species between the gaseous and condensed organic phases may be described in terms of an equilibrium partitioning coefficient, K p , which is defined as follows,
where R is the ideal gas constant (8.314 J K −1 mol −1 ), T is temperature (K), MW om is the mean molecular weight of the condensed organic material (g mol −1 ), ζ is the activity coefficient of the given species in the condensed organic phase, and p • L is its (probably sub-cooled) liquid vapour pressure (Torr). The numerical constant in the numerator is consistent with units of m 3 µg −1 for K p . As discussed by a number of authors (e.g. Pankow, 1994; Kamens et al., 1999) , it is not unreasonable to assume that ζ is unity for a given oxidation product in an aerosol droplet composed of a mixture of similar species, and this assumption is also adopted in the present work.
A fundamental assumption in this approach is that the aerosol possesses an amorphous, liquid-like character (Pankow, 1994) , even though many (if not all) the components are likely to be solid at ambient temperatures in their pure states. A key parameter in the calculation is therefore the sub-cooled liquid vapour pressure. The applied values of p • L were estimated from boiling points (T b ) and vaporisation entropy changes at T b ( S vap (T b )) for each of the products, using an expanded, semi-empirical form of the ClausiusClapeyron equation (Baum, 1998) , in a similar manner to that described by Kamens et al. (1999) :
T b values were estimated using the fragmentation method of Joback and Reid (1987) , as modified and extended by Stein and Brown (1994) . Values of S vap (T b ) were determined from the Kistiakowsky equation with Vetere correction factors appropriate for polar hydrocarbons (e.g. Baum, 1998) , although the resultant values were all within 10% of the species-independent value of ca. 10.5R (≈87 J mol −1 K −1 ) as defined by Trouton's rule. The values of K p determined in this way generally show a logical progression, reflecting differences in molecular size and the abundance of polar functionalities, as demonstrated for selected α-and β-pinene products in vapour pressure, p • S , using the well-established approximation (Prausnitz, 1969) ,
where T m is the melting point of the given organic species, and S fus (T m ) is fusion entropy change at T m . Values of T m were also estimated using the Joback-Reid fragmentation method (Joback and Reid, 1987) , and a representative average value of S fus (T m )=56.5 J mol −1 K −1 , was applied for all species (Yalkowsky, 1979; Mackay et al., 1982) . Although it is recognised that this procedure only yields approximate results (particularly at temperatures well below the melting point), the resultant 298 K values of p • S for pinonaldehyde and pinic acid (Table 1) are within a factor of ca. 5-10 of the respective reported measurements of 7.5×10 −3 Torr (Hallquist et al., 1997 ) and 3.2×10 −7 Torr (Bilde and Pandis, 2001) , providing some support for the overall methodology adopted here.
The magnitude of K p determines the extent of gas-aerosol partitioning of a given species, in accordance with the following equation (Odum et al., 1996) , where C g and C a are its concentrations in the gaseous and aerosol phases, respectively, and C om is the total concentration of condensed organic material (in µg m −3 ). In the present work, the partitioning process was represented dynamically as a balance between absorption and desorption, using a methodology similar to that described by . Rate coefficients for absorption (k in ) and desorption (k out ) were assigned to the partitioning reactions for each of the identified semivolatile species, such that k in /k out =K p . The rate of absorption of a given species was therefore given by the expression k in C om , with the desorption rate being k out . A species and temperature-independent value of 6.2×10 −3 m 3 g µg −1 s −1 was assigned to k in , which is based on the estimated collision rate of gaseous molecules with a monodisperse aerosol of ca. 50 nm diameter. At a reference temperature of 298 K, species-dependent values of k out were therefore defined by k in and the species-dependent values of K p . Although it is possible to calculate K p as a function of temperature from Eqs. (1) and (2), the temperature dependence of k out was represented in terms of classical evaporation by the following equation:
The pre-exponential factor, β out , was assumed to be equivalent for all species, such that the variation of k out from one species to another was described in terms of speciesdependent desorption activation energies, E a . To allow for the variation of K p with MW om (Eq. 1), β out was coded as follows,
where MW • om is a reference molecular weight (taken to be 130) for which the species-dependent values of K p were defined, and β • out is the corresponding reference value of β out . In this way, the partitioning parameters responded to changes in the calculated value of MW om during the course of a simulation. With the values of K p and k in constrained as described above, the value of β • out and the species dependentvalues of E a were optimized on the basis of the observed evolution of SOA mass in a number of reported experiments at different temperatures. This is discussed further in Sect. 4.2.
The above representation of gas-aerosol partitioning was found to provide a reasonable framework for the description of SOA formation under conditions where at least several tens of µg m −3 were present. However, based on the species generated in the chemical mechanism, and the optimized partitioning parameters, the initial stages of SOA accumulation were not well represented. As described further below (Sect. 4.2), this could be significantly improved by considering the participation of involatile dimers of bi-and multifunctional acids in the gas-to-particle conversion process. A rigorous representation would require inclusion of gas phase and aerosol phase equilibrium "permutation" reactions for each monomer-dimer combination, and gas-to-aerosol transfer reactions for each of the resultant dimers. In the present study, however, this was achieved using a simplified mechanism in which the transfer of a given acid to the aerosol phase notionally occurs by a "chaperone" mechanism involving the available "pool" of multifunctional acid species. This was represented by inclusion of a pseudo-unimolecular reaction,
for each of the 22 C 8 -C 10 bi-and multifunctional acids generated in the mechanism. Each reaction was assigned a rate coefficient k 5 =k 5 . [acid (gas) ], where [acid (gas) ] is the gas phase concentration sum of all the C 8 -C 10 bi-and multifunctional acids, and k 5 is an effective bimolecular reaction rate coefficient. Although representative of a complex series of reactions, the rate coefficient, k 5 , for the simplified reaction was represented in conventional Arrhenius form for convenience, and optimized using experimental data (see below). It is recognised that this simplified approach may not fully recreate all the subtleties of an explicit representation. However, it does introduce a gas-to-aerosol transfer process which displays an overall second order rate dependence on the concentration of multifunctional acid species, and which is therefore at least notionally representative of the possible effects of dimer formation.
Experimental datasets
The optimization and testing of the α-and β-pinene SOA formation mechanisms was carried out using a number of datasets, as summarized in Table 2 . The primary optimization was based on the results of α-pinene ozonolysis experiments carried out as part of the EU project Origin and Formation of Secondary Organic Aerosols, OSOA, as summarized by Winterhalter et al. (2003) , and on the α-pinene studies of Yu et al. (1999a) . The results of the remaining studies in Table 2 for α-pinene Kamens and Jaoui, 2001 ) and β-pinene (Yu et al., 1999a; Jaoui and Kamens, 2003) were used to examine the performance of the mechanism for a wider range of reagent concentrations and experimental conditions.
Results and discussion
Simulations of product yields
The general performance of the α-and β-pinene ozonolysis mechanisms was tested by calculating the molar yields of a series of major products in the absence of an OH radical scavenger, and in the presence of either 2-butanol or cyclohexane to scavenge OH. As with all simulations in the present study, this was carried out using the FACSIMILE for Windows kinetics integration package, v3 (MCPA Software). The results for a series of products, for which experimental yield data are available, are presented in Table 3 . For products which are partitioned between the gaseous and condensed phases, the presented values represent the total yield. The simulated molar yields are generally consistent with reported ranges for products of both α-and β-pinene (e.g. Hakola et al., 1994; Alvarado et al., 1998; Christoffersen et al., 1998; Glasius et al., 1999; Yu et al., 1999a; Orlando et al., 2000) , indicating that the mechanism captures the salient features. In particular, the yields of the bi-and multifunctional carboxylic acids, which are known major contributors to SOA, are broadly representative of those concluded from experimental observations (Atkinson and Arey, 2003 , and references therein). As discussed above (Sect. 2.1), the absence of an OH scavenger allows the formation of species such as C 10 diols from the OH-initiated oxidation of the terpenes, which are not generated directly from the ozonolysis chemistry. It also results in modest changes in the overall distribution of species, depending on the extent to which they are formed from ozone and OH initiated oxidation. There are also notable differences between the product distributions calculated with each of the two scavengers present. A number of products show a lower yield with 2-butanol as the OH scavenger, compared with that calculated with cyclohexane as the scavenger. This relates to the differences in the relative concentrations of RO 2 and HO 2 in the two systems. As indicated above (Sect. 2.1) and in Table 3 , the use of 2-butanol as the scavenger leads to higher [HO 2 ]/[RO 2 ] ratios, which allow the reactions of peroxy radicals with HO 2 to compete more effectively with the peroxy radical permutation reactions involving the RO 2 pool. Although this has an effect on the system as a whole, it is particularly important when the formation of a compound involves reactions of tertiary peroxy radicals, because these are well known to display a generally low reactivity with respect to self-reactions and cross reactions with other RO 2 radicals (e.g. Lesclaux, 1997) , and this is reflected in the assigned permutation reaction rate coefficients in MCM v3 (Jenkin et al., 1997) . One such example is the formation mechanism for acetone, which invariably involves tertiary peroxy radicals of generic formula R(CH 3 ) 2 CO 2 , as follows (Reactions R6 and R7):
As a result, the reaction with HO 2 becomes competitive for tertiary RO 2 radicals, such as R(CH 3 ) 2 CO 2 (Reaction R8), at lower [HO 2 ]/[RO 2 ] than it does for other RO 2 classes, and inhibition of acetone formation is therefore more pronounced than that observed for other products, the formation routes of which do not involve tertiary peroxy radicals (Table 3) .
The [HO 2 ]/[RO 2 ] ratios simulated for the β-pinene ozonolysis system are generally higher than those for α-pinene. This is because the initiation reaction partially forms the Criegee biradical [CH 2 OO] ‡ , the decomposition of which leads to both OH and HO 2 (e.g. Calvert et al., 2000) :
As a result of this direct (albeit small) source of HO 2 , [HO 2 ]/[RO 2 ] ratios are sufficiently elevated that reaction with HO 2 is competitive for an even wider range of peroxy radicals classes. The further elevation of the ratio through use of 2-butanol as an OH scavenger is therefore simulated to have a notable influence on the yields of a wider array of products from β-pinene ozonolysis, including species such as pinic acid and pinalic-3-acid, (see Table 3 ). Fig. 3 . Time dependence of ozone (circles), α-pinene (triangles) and aerosol mass (squares) in OSOA experiment 04-10-00A. Lines are results of simulations using present mechanism. Dotted line represents simulated SOA accumulation using absorptive partitioning of multiple products only (scaled as described in the text). Solid line includes additional gas-to-aerosol transfer by acid chaperone mechanism.
Simulations of SOA formation
The mechanism was initially used to simulate the conditions of the EU OSOA and Yu et al. (1999a) α-pinene ozonolysis experiments (see Table 2 ), with gas-to-aerosol conversion represented by the absorptive partitioning code described above in Sect. 2.2. Because this approach requires transfer of organic material into a pre-existing condensed organic phase, the simulations were initialized with a very small concentration (1 ng m −3 ) of organic aerosol. However, using the partitioning coefficients estimated by the procedure given in Sect. 2.2 (as shown for selected species in Table 1 ), negligible concentrations of organic aerosol were generated. A species-independent scaling factor was therefore applied to K p for all the partitioning species, which was manifested as a reduction in the desorption rate coefficient, k out . Using a factor of ca. 120, it was possible to obtain a reasonable simulation of the final experimental concentrations, as shown in Figs. 3 and 4 .
The magnitude of this adjustment indicates that either the key parameters involved in the estimation of K p values (e.g. p • L ) are subject to significant systematic error, or that the aerosol formation process is not well represented simply by the absorptive partitioning of the species generated in the mechanism. Previous studies (e.g. Cocker et al., 2001; Kamens and Jaoui, 2001 ) have reported similar discrepancies between theoretical partitioning coefficients (based on estimated vapour pressures), and apparent partitioning coefficients (based on observed aerosol formation), and it is probable that this is due, at least in part, to the occurrence of association reactions of organics in the aerosol phase (e.g. Tobias and Ziemann, 2000; Kamens and Jaoui, 2001 ). For example, Tobias and Ziemann (2000) reported the formation of stable peroxyhemiacetals from the reactions of carbonyls Aerosol mass yield Fig. 4 . Yield of organic aerosol as a function of organic aerosol mass during α-pinene ozonolysis for the experimental conditions of Yu et al. (1999a) . Points are results from two experiments of Yu et al. (1999a) , as presented in Fig. 12a of their paper. Lines are results of simulations using present mechanism. Dotted line represents the optimized results of simulations using absorptive partitioning of multiple products only (scaled as described in the text). Solid line includes additional gas-to-aerosol transfer by acid chaperone mechanism.
and hydroperoxides during the ozonolysis of 1-tetradecene:
As discussed below (Sect. 4.3), the simulated composition of the organic aerosol includes important contributions from multifunctional products containing carbonyl and hydroperoxy groups, and association reactions of this and similar types to form higher molecular weight, lower volatility species would have the apparent effect of stabilising the precursor species in the condensed phase.
However, the results in Figs. 3 and 4 demonstrate that, even with such effects notionally accounted for by a scaling factor, the early stages of aerosol accumulation cannot be represented by the absorptive partitioning of the products generated in the mechanism. A similar effect was reported by Kamens and Jaoui (2001) , in simulation of their lower concentration experiment "8/12/99" (see Table 2 ), using a kinetics code based on product absorptive partitioning. This shortcoming may be explained if species of much lower volatility are generated by the gas phase processes, which therefore have a much greater propensity to transfer to the condensed phase than those represented in the mechanism. A number of gas phase association reactions, forming high molecular weight products, have been suggested in the literature and therefore require consideration. In particular, the reactions of stabilized Criegee biradicals with carbonyls to form secondary ozonides or with acids to form α-acyloxyalkyl hydroperoxides have been reported (e.g. Tobias and Ziemann, 2001; , and these species certainly play an important role initiating SOA formation in some systems: 
RCHOO + R C(=O)OH → RCH(OOH)OC(=O)R . (R13)
However, the formation of these species occurs in competition with the reaction of the Criegee biradicals with H 2 O , which is likely to dominate under the majority of conditions employed in chamber experiments. Specifically, the results of the OSOA experiments 04-10-00A and 05-10-00A (Table 2) under nominally "dry" conditions (ca. 60 ppm H 2 O) and at 45% relative humidity, respectively, demonstrated no significant difference in the rate of accumulation of aerosol mass, suggesting that reaction with H 2 O probably dominates in both experiments. Reactions of type (R12) and (R13) are therefore unlikely to account for the observed initial accumulation of aerosol in the present system.
A further possibility involves the participation of bi-and multifunctional acid dimers in the aerosol formation process. Support for this has been provided by Hoffmann et al. (1998) and Kückelmann et al. (2000) , who observed the prompt formation of homomolecular and heteromolecular dimers of pinic acid, pinonic acid and other multifunctional acids from α-pinene ozonolysis. The potential role of such species was therefore considered using the simplified "acid chaperone" representation described above in Sect. 2.2. The results of simulations using this mechanism, in addition to the absorptive partitioning mechanism, are also shown in Figs. 3 and 4. Because the acid chaperone mechanism does not require a pre-existing condensed organic phase, these simulations were initialized with a zero concentration of organic aerosol. The operation of both mechanisms was found to allow an improved representation of the time dependence of organic aerosol formation, and the associated kinetics parameters (see Sect. 2.2) were optimized by least squares fitting to the results of the OSOA and Yu et al. (1999a) experiments. Although the chaperone mechanism does not include an explicit representation of dimers in the condensed phase, their presence is also notionally accounted for by the empirical scaling factor applied to k out , as described above.
A summary of the generic optimized parameters and species-specific parameters for selected products is given in Table 4 . A comparison of the apparent partitioning coefficients, based on simulated gas and aerosol phase concentrations at the ends of the experiments, and reported partitioning coefficients, based on corresponding observations (Yu et al., 1999a; Kamens and Jaoui, 2001) , indicates that the values generated by the optimized code are entirely reasonable. Logically, the temperature dependence parameters are consistent with a greater propensity for aerosol formation at lower temperatures. However, the best fit to the data sets was obtained with the absorptive partitioning mechanism possessing a comparatively weak temperature dependence, but with the "acid chaperone" mechanism being strongly temperature dependent (see Table 4 , note "d"). The optimized desorption activation energies, E a (which describe the temperature dependence of the absorptive partitioning mechanism) are therefore substantially lower than those reported elsewhere (e.g. Kamens et al., 1999) . However, the overall temperature dependence for the multifunctional acids is also influenced by the acid chaperone mechanism, such that their apparent partitioning coefficients at the ends of the experiments increase by an order of magnitude with a ten degree decrease in temperature, as shown in Table 4 .
The performance of the optimized mechanism was examined for a wider range of reagent concentrations and conditions using the results of the complete series of experiments summarized in Table 2 , which encompass the approximate temperature range 270-308 K, and the formation of SOA concentrations up to 2650 µg m −3 . In addition, this series includes experiments with and without OH scavengers, with and without inorganic seed aerosol, and covering a wide range of relative humidity. Despite these variations, the present code was found to provide an acceptable description of all the experiments. In each case, the simulated time dependence of the initial production of SOA was found to be well represented. As shown in Fig. 5 , the quantity of SOA formed also compared well for a wide range of conditions, although the code tends to overestimate aerosol production by about 30% at the high end of the range.
The optimized mechanism was also used to simulate SOA formation from β-pinene ozonolysis, for a range of conditions. For example, Fig. 6 shows the simulated mass concentrations of SOA generated from β-pinene ozonolysis, compared with those generated from α-pinene ozonolysis, in the presence of 2-butanol as an OH radical scavenger at 298 K. The simulations predict that β-pinene generates smaller quantities of SOA than α-pinene when precursor concentrations greater than about 40 ppb are removed through reaction with ozone, which is broadly consistent with reported observations (e.g. Yu et al., 1999a; Jaoui and Kamens, 2003) . Accordingly, simulations of the actual conditions in these Table 4 . Summary of optimized partitioning parameters and comparison with the literature for selected products of α-pinene ozonolysis.
Present results Yu et al. (1999a) Kamens and Jaoui (2001) reported studies produce quantities of SOA which are in reasonable agreement with observations, as presented in Fig. 5 . When terpene concentrations lower than about 40 ppb are removed by reaction with ozone, the simulations indicate that α-and β-pinene generate comparable quantities of SOA (Fig. 6) , with β-pinene being the slightly more efficient SOA producer.
4.3 Simulated composition of SOA Figure 7 shows a comparison of the SOA compositions reported for α-pinene ozonolysis by Winterhalter et al. (2003) and Yu et al. (1999a) , with those simulated for the same conditions. In each case, the simulated and observed components are broadly correlated, with important contributions being made by the multifunctional acids, pinic acid, pinalic-3-acid, pinonic acid and 10-hydroxypinonic acid in both the observations and the simulations. However, where comparison is possible, the simulations tend to overestimate slightly the abundance of the components observed in the OSOA experiments (Winterhalter et al., 2003) , but underestimate those observed in the experiments of Yu et al. (1999a) . It is therefore difficult to implement changes to the mechanism, within the framework described above, which can fully reconcile these discrepancies. As indicated above, it is probable that association reactions occur in the condensed phase. In addition to enhancing gas-to-aerosol transfer of semivolatile species, such reactions also modify the SOA composition and therefore need to be considered in a model-observation comparison. Table 5 lists a series of other species which are simulated to make notable contributions to the SOA mass. These are all C 8 -C 10 multifunctional compounds containing subset combinations of carbonyl (aldehyde and ketone), hydroperoxy, acid and hydroxyl functional groups. The differences in the simulated distributions under the two sets of experimental conditions mainly result from the absence of an OH scavenger in the OSOA studies, and the use of 2-butanol to scavenge OH in the studies of Yu et al. (1999a) . However, under both sets of experimental conditions, important simulated contributions are made by species containing either carbonyl groups or hydroperoxy groups, or both. Under the OSOA experimental conditions, ca. 75% and 30% of the aerosol mass 3-(1-Hydroperoxy-1-methyl-ethyl)-5,6-dioxo-heptanal C108OOH 216 8.8 17.0 5-Hydroperoxy-4-hydroxymethyl-5-methyl-2-oxo-hexanoic acid C813OOH 206 5.5 5.7 1-(1-Hydroperoxy-3-hydroxymethyl-2,2-dimethyl-cyclobutyl)-2-hydroxy-ethanone C921OOH 204 3.9 10.9 3-Hydroxymethyl-2,2-dimethyl-cyclobutanecarboxylic acid C811OH 158 3.8 1.1 3-Formyl-2,2-dimethyl-cyclobutanecarboxylic acid C721CHO 156 2.6 0.5 3-(1-Hydroxy-1-methyl-ethyl)-5,6-dioxo-heptanal C108OH 200 2.5 0.3 1-(1-Hydroperoxy-3-hydroxymethyl-2,2-dimethyl-cyclobutyl)-ethanone C97OOH 188 2.3 6.8 6-Hydroperoxy-1-hydroxy-5-hydroxymethyl-6-methyl-heptane-2,3-dione C922OOH 220 2.3 0.9 6-Hydroperoxy-5-hydroxymethyl-6-methyl-heptane-2,3-dione C98OOH 204 2.0 0.8 5-Hydroxy-4-hydroxymethyl-5-methyl-2-oxo-hexanoic acid C813OH 190 1.8 0.1 1-Hydroperoxy-3-hydroxymethyl-2,2-dimethyl-cyclobutanecarboxylic acid C812OOH 190 1.5 6.8 1-Hydroxy-3-hydroxymethyl-2,2-dimethyl-cyclobutanecarboxylic acid C812OH 174 1.5 1.6 2,6,6-Trimethyl-bicyclo[3. Yu et al. (1999a) experiments 6/9/98a and 6/9/98b. Listed species and those identified in Fig. 7 account for ca. 97.5% of simulated SOA mass; d APINBOH is a C 10 diol generated only from the OH-initiated chemistry, and therefore not produced when OH scavenger used.
is calculated to be composed of species containing carbonyl groups and hydroperoxy groups, respectively. For the Yu et al. (1999a) conditions, the corresponding contributions are calculated to be ca. 75% and 65%, the much higher hydroperoxide contribution resulting from the elevated [HO 2 ]/[RO 2 ] when 2-butanol is used as an OH scavenger (see Table 3 ). The carbonyl compounds may contain more than one carbonyl group, and respective contributions of ca. 35% and 40% to the aerosol mass, are calculated to be made by species specifically containing aldehyde groups, under the OSOA and Yu et al. (1999a) experimental conditions. The reactions of carbonyls with hydroperoxides to form an array of involatile, multifunctional peroxyhemiacetals (Reaction 11) are therefore clearly of potential importance. Any subsequent decomposition of the peroxyhemiacetals (within the course of the experiments or during analysis of the aerosol) may either regenerate the carbonyl and hydroperoxide precursors or possibly produce alternative products. By analogy with the mechanism of the Baeyer-Villiger oxidation of carbonyls by peracids, rearrangement and decomposition of a peroxyhemiacetal intermediate may potentially produce alcohol and ester products (from ketones), or alcohol and acid products (from aldehydes):
The resultant oxidation of condensed phase carbonylcontaining compounds by hydroperoxide-containing compounds therefore provides possible additional mechanisms by which some of the experimentally observed SOA components (and other products) may be generated, and this may partially explain the discrepancies between the observed and simulated compositions, particularly for the conditions of the Yu et al. (1999a) Yu et al. (1999a) experiments 6/9/98a and 6/9/98b. N.B. Neither experimental study distinguishes pinalic-3-acid from its isomers, pinalic-4-acid and norpinonic acid. The present study only simulates notable formation of pinalic-3-acid, and this is therefore compared with the isomer total reported in the experimental studies.
pinalic-3-acid (or pinalic-4-acid) to pinic acid, with the reaction occurring at the aldehyde group in each case. Alternatively, reaction at the ketone group in ketoacids could generate acidic ester products, of the type reported by Warscheid and Hoffmann (2002) .
Simulations were also performed with much higher initial α-pinene and ozone concentrations, in the absence of an OH scavenger, to be more representative of the experimental conditions mainly employed by Kamens et al. (1999) and Kamens and Jaoui (2001) . Important contributions from the bi-and multifunctional acids, and many of the species in Table 5 , were once again apparent. However, a number of the more volatile species, which are produced in reasonably high yield by the gas phase chemistry (e.g. pinonaldehyde and the C 10 diols: Table 3 ), were found to make much more significant contributions in the presence of the higher SOA mass concentrations (i.e. ca. 2500 µg m −3 ). This is fully in accord with the expected effect of the absorptive partitioning mechanism under these conditions, and the results are in broad agreement with the corresponding compositional observations of Jang and Kamens (1999) . The simulated composition of SOA from the ozonolysis of β-pinene, for the conditions of the Yu et al. (1999a) experiments (see Table 2 ), was found to have major contributions from pinic acid and pinalic-3-acid, which collectively accounted for ca. 60% of the simulated aerosol mass. This is in reasonable agreement with that reported. Notable simulated contributions were also made by hydroperoxysubstituted carboxylic acids, such as 3-hydroperoxymethyl-2,2-dimethyl-cyclobutane carboxylic acid, and the hydroxysubstituted analogues (e.g. C811OH in Table 5 ). Jaoui and Kamens (2003) also report significant contributions from pinic acid and pinalic-3-acid at higher reagent concentrations in the absence of an OH scavenger, and also from more volatile products such as nopinone and hydroxynopinone isomers. Calculations with the present mechanism under these conditions also predict larger contributions from the more volatile species in the presence of higher SOA mass concentrations. 
Simulated SOA yields
The above comparisons provide some support for the present mechanism, and its ability to recreate the quantity and composition of SOA generated from α-and β-pinene ozonolysis for a range of conditions. Figures 8 and 9 show corresponding calculated yields of SOA as a function of organic aerosol mass concentration. The results in Fig. 8 suggest that the SOA yield depends on whether an OH scavenger is present, and on its identity. In the case of α-pinene, lower yields are calculated in the absence of an OH scavenger, because more than 40% of the terpene is removed by reaction with OH, which generally produces higher volatility products than the ozonolysis reaction. (Table 3) , and therefore a modest reduction in the SOA yield.
The results calculated for β-pinene (Fig. 8 ) may be explained by the same effects, although the magnitude of these effects is different from the α-pinene system. Once again, the absence of an OH scavenger has a lowering effect on the yield, but this is not as great as for α-pinene because only about 25% of β-pinene is removed by reaction with OH under these conditions, owing to the smaller OH radical yield from the ozonolysis reaction. In the presence of cyclohexane, the calculated SOA yields are therefore greater than in the absence of an OH scavenger. However, the use of 2-butanol as an OH scavenger results in a lowering of the calculated yields, such that the values are similar to or slightly lower than those in the absence of a scavenger. This is a consequence of increased [HO 2 ]/[RO 2 ] under conditions when the system is more sensitive to the change (see Sect. 4.1). As shown in Table 3 , the use of 2-butanol as a scavenger, compared with cyclohexane, has a much more marked effect on the yields of products such as pinic acid and pinalic-3-acid from β-pinene, than it does in the α-pinene system. The current simulations therefore recreate the general effects of using different OH scavengers on SOA production from β-pinene ozonolysis, as reported and discussed recently by Docherty and Ziemann (2003) .
Very recently, Keywood et al. (2004) have demonstrated that SOA formation during the ozonolysis of cyclohexene is also sensitive to whether cyclohexane or 2-butanol is used as an OH radical scavenger. In contrast to the observations of Docherty and Ziemann (2003) for β-pinene, SOA formation for cyclohexene was found to be greater in the presence of 2-butanol, with the implication that larger [HO 2 ]/[RO 2 ] ratios might generally increase SOA formation from endocyclic alkenes, and decrease it from exocyclic alkenes. Although the present calculations for α-and β-pinene display distinct differences in their responses to the identity of the OH radical scavenger (Fig. 8) , the insensitivity calculated for α-pinene also differs notably from the increased SOA formation in the presence of 2-butanol observed for cyclohexene (Keywood et al., 2004) . It is not clear in advance whether a mechanism constructed for cyclohexene using the same MCM methodology as that used here for α-pinene would yield similar calculated results. This is because there are key differences in the structural features of the two endocyclic alkenes which influence the degradation mechanism and, possibly, the response to using different OH scavengers. As described in more detail in the discussion paper comment (Jenkin, 2004) , these relate to the fact that α-pinene is bicyclic and contains an alkyl substitution on the double bond.
The results in Fig. 9 show the calculated temperature dependence of the SOA yield, which reflects the optimized dependences assigned to the acid chaperone and absorptive partitioning mechanisms, as described in Sect. 4.2. In both systems, therefore, the temperature dependence is strongest at small mass concentrations of organic aerosol, when SOA composition is dominated by multifunctional acids, and the acid chaperone mechanism makes an important contribution to calculated SOA formation. The results may therefore be compared and contrasted with the temperature-dependence calculations of Sheehan and Bowman (2001) , which were carried out using purely absorptive partitioning theory.
Summary and conclusions
The formation and detailed composition of SOA from the gas phase ozonolysis of α-and β-pinene has been simulated using MCM v3, coupled with a representation of gasto-aerosol transfer of semivolatile and involatile oxygenated products. A kinetics representation, based on equilibrium absorptive partitioning of ca. 200 semivolatile products, has been found to provide a reasonable framework for the description of SOA accumulation under conditions where at least several tens of µg m −3 are present, provided partitioning coefficients are increased by about two orders of magnitude over those defined on the basis of estimated vapour pressures. This may indicate a systematic overestimation of product vapour pressures, but is also likely to result from the effect of condensed phase association reactions of the partitioning products which are not explicitly represented. These may include the reactions of carbonyl-containing products with hydroperoxide-containing products to form peroxyhemiacetals, and the association of acids in the form of dimers.
The inclusion of a simplified representation of the gas phase formation of involatile homomolecular and heteromolecular dimers of 22 bi-and multifunctional carboxylic acids, and their transfer to the condensed phase, also allowed the initial stages of SOA formation to be well described. Without this additional mechanism, the simulated onset of SOA accumulation was significantly delayed, and SOA yields at low mass concentrations were substantially lower than those observed.
The composition of SOA, simulated with the optimized mechanism, successfully recreates certain features of the product distributions observed in experimental studies of α-and β-pinene ozonolysis. This includes major contributions from a number of multifunctional acid products, and increasing contributions from more volatile species (e.g. pinonaldehyde and nopinone) with increasing aerosol mass. However, the simulations also imply an important role for unobserved multifunctional products containing hydroperoxy groups, particularly under experimental conditions in which 2-butanol is used to scavenge OH radicals (i.e. when [HO 2 ]/[RO 2 ] is elevated). Such products potentially undergo stabilizing association reactions with carbonyls to form peroxyhemiacetals. It is also possible that any subsequent decomposition of the peroxyhemiacetals (within the course of the experiments or during analysis of the aerosol) may modify SOA composition by producing alternative products such as an acid and an alcohol (if the carbonyl is an aldehyde) or an ester and an alcohol (if the carbonyl is a ketone).
